Vesicular stomatitis virus (VSV) is the prototype of the Rhabdoviridae and contains nonsegmented negativesense RNA as its genome. The 11-kb genome encodes five genes in the order 3-N-P-M-G-L-5, and transcription is obligatorily sequential from the single 3 promoter. As a result, genes at promoter-proximal positions are transcribed at higher levels than those at promoter-distal positions. Previous work demonstrated that moving the gene encoding the nucleocapsid protein N to successively more promoter-distal positions resulted in stepwise attenuation of replication and lethality for mice. In the present study we investigated whether moving the gene for the attachment glycoprotein G, which encodes the major neutralizing epitopes, from its fourth position up to first in the gene order would increase G protein expression in cells and alter the immune response in inoculated animals. In addition to moving the G gene alone, we also constructed viruses having both the G and N genes rearranged. This produced three variant viruses having the orders 3-G-N-P-M-L-5 (G1N2), 3-P-M-G-N-L-5 (G3N4), and 3-G-P-M-N-L-5 (G1N4), respectively. These viruses differed from one another and from wild-type virus in their levels of gene expression and replication in cell culture. The viruses also differed in their pathogenesis, immunogenicity, and level of protection of mice against challenge with wild-type VSV. Translocation of the G gene altered the kinetics and level of the antibody response in mice, and simultaneous reduction of N protein expression reduced replication and lethality for animals. These studies demonstrate that gene rearrangement can be exploited to design nonsegmented negative-sense RNA viruses that have characteristics desirable in candidates for live attenuated vaccines.
The order Mononegavirales is composed of four families, Rhabdoviridae, Paramyxoviridae, Filoviridae, and Bornaviridae. The viruses in these families contain a single strand of nonsegmented negative-sense RNA and are responsible for a wide range of significant diseases in fish, plants, and animals (31) . Viral gene expression is controlled at the level of transcription by the order of the genes on the genome relative to the single 3Ј promoter. Gene order throughout the Mononegavirales is highly conserved; genes encoding products required in stoichiometric amounts for replication are always at or near the 3Ј end of the genome, while those whose products are needed in catalytic amounts are more promoter distal.
Vesicular stomatitis virus (VSV) is the prototypic virus of the Rhabdoviridae. Its 11-kb genome has five genes which encode the five structural proteins of the virus: the nucleocapsid protein, N, which is required in stoichiometric amounts for encapsidation of the replicated RNA; the phosphoprotein, P, which is a cofactor of the RNA-dependent RNA polymerase, L; the matrix protein, M; and the attachment glycoprotein, G. The order of genes in the genome is 3Ј-N-P-M-G-L-5Ј, and previous work has shown that expression is obligatorily sequential from a single 3Ј promoter (1, 3) . Due to attenuation at each gene junction (15) , the 3Ј-most genes are transcribed more abundantly than those which are more promoter distal (15, 41) . In nature, VSV infects a wide range of animals, of which horses, cattle, and domestic swine are the most economically important. Infection results in the appearance of lesions around the mouth, hooves, and udder teats; while seldom fatal, it leads to a loss in meat and milk production along with the expense of quarantine and vaccination (13) . There are two main VSV serotypes, Indiana and New Jersey; while these viruses are endemic in Central and South American countries, outbreaks also occur within the United States. The most recent outbreak in the United States occurred in 1997 in horses (40) and was of the Indiana serotype, while previous cases identified in 1995 (6) and 1982 to 1983 (43) were of the New Jersey serotype. The ease with which these viruses are transmitted, and the similarity of their symptoms to those caused by footand-mouth disease virus in cattle and domestic swine, makes VSV a pathogen of concern to sections of the agriculture industry.
In recent work we rearranged the three internal genes of VSV, P, M, and G, to all combinations and recovered viruses having the six possible gene orders (4) . In every case, the relative levels of protein expression in cells were in concordance with the distance of the corresponding genes from the 3Ј promoter. These studies demonstrated that viruses with rearranged genes were viable and that expression of a gene could be modulated in a predictable manner according to its positioning relative to the 3Ј promoter.
VSV genome RNA replication is proportional to the amount of N protein synthesized (2, 27) , and so in a second study we examined the effects of moving the N gene from its promoter-proximal site to successively promoter-distal positions. N transcription was reduced in a systematic manner (45) , and this resulted in correspondingly reduced N protein synthesis, a stepwise reduction in the ability of these viruses to replicate in cell culture, and an attenuation of their lethality for mice. Mice that survived inoculation with the rearranged variants were protected from challenge with a lethal dose of wildtype (wt) virus. Therefore, despite attenuation of replication in cell culture and lethality in vivo, these viruses stimulated a protective immune response. These findings show that despite the highly conserved gene order of VSV, gene rearrangement was not lethal to the virus and could be used to generate viruses with predictable degrees of attenuation. Translocation of an essential gene of a nonsegmented negative-strand virus provides a new approach for engineering viruses with different degrees of replication ability by design rather than traditional empirical methods.
In the present study we examined whether we could increase the expression of a promoter-distal gene, the gene that encodes the attachment glycoprotein G, by moving it to a promoterproximal site. The attachment glycoprotein contains the neutralizing site (17, 21, 35, 36) , along with helper T-cell (7) and cytotoxic T-cell epitopes (19, 37) , of the virus. It has been shown that stimulation of neutralizing antibodies is an important feature in the protection of mice (12, 20) and the natural host against infection with VSV (22). To determine if an increase in the production of G protein in cells during infection could elicit a greater protective immune response, we engineered changes into an infectious cDNA clone of the VSV genome and recovered two novel viruses in which the glycoprotein gene was moved from its normal fourth position to the first position in the gene order. One virus, referred to as G1N2, had the gene order 3Ј-G-N-P-M-L-5Ј; the gene order of the second, G1N4, was 3Ј-G-P-M-N-L-5Ј. The in vitro and in vivo characteristics of these viruses were assessed and compared to those of viruses having the gene orders 3Ј-P-M-G-N-L-5Ј (G3N4) and 3Ј-N-P-M-G-L-5Ј (N1G4), the latter being the wt gene order. Differences were observed in the replication of these viruses in cell culture, their lethality in mice, the kinetics and levels of antibody production after inoculation, and their ability to protect mice against challenge with a lethal dose of wt VSV.
MATERIALS AND METHODS
Viruses and cells. The San Juan isolate of the Indiana serotype of VSV provided the template for all of the cDNA clone of the VSV genome except the G protein gene, which was derived from the Orsay isolate of VSV-Indiana (46) . All viruses were recovered from cDNAs in baby hamster kidney (BHK-21) cells. BHK-21 cells were also used for single-step growth assays and radioisotopic labeling of viral RNAs and proteins. Plaque assays were performed on the African green monkey kidney cell line Vero-76.
Plasmid construction and recovery of infectious virus. The construction of a full-length cDNA clone of the VSV genome and its use for the recovery of infectious virus have been described elsewhere (46) . This infectious clone was manipulated using methods which allowed the genome to be assembled with the genes in different orders (4) . No other changes were made in the genome except for a single nucleotide in the intergenic region downstream of the P gene. This change, from 3Ј-CA-5Ј to 3Ј-GA-5Ј, has little effect on transcription (5).
To recover infectious viruses from the rearranged cDNA clones, BHK-21 cells were infected with a recombinant vaccinia virus expressing the T7 RNA polymerase (vTF7-3) (11). One hour later, the cells were transfected with the rearranged VSV cDNA along with three plasmids, which expressed the N, P, and L proteins required for encapsidation and replication of the antigenomic RNA (4, 45, 46) . Infectious viruses were harvested from the supernatant medium and amplified in BHK-21 cells at a low multiplicity of infection (MOI) to avoid formation of defective interfering particles and in the presence of cytosine arabinoside (25 g/ml) to suppress the replication of vaccinia virus. Supernatant medium was filtered through 0.2-m-pore-size filters, and the virus was banded on 15 to 45% sucrose velocity gradients to separate it from any remaining vTF7-3. The gene orders of the recovered viruses were confirmed by amplifying the rearranged portions of the genomes using reverse transcription and PCR followed by restriction enzyme analysis.
Analysis of viral protein synthesis. Viral protein synthesis directed by each of the variant viruses was measured in BHK-21 cells infected at an MOI of 50, with actinomycin D (5 g/ml) added at 3 h postinfection. At 5 h postinfection, the cells were washed and incubated in methionine-free medium for 30 min. Cells were exposed to [ 35 S]methionine (30 Ci/ml; specific activity, 10.2 mCi/ml) for 1 h. Cell monolayers were harvested directly into gel loading buffer; after normalizing for equal counts per minute, the viral proteins were separated on 10% polyacrylamide gels using a low bisacrylamide-to-acrylamide ratio to separate the P and N proteins. Viral proteins were quantitated using a phosphorimager, and their molar ratios were calculated. Analysis of virion proteins. To assess the quantity of each of the proteins in the mature virions, BHK-21 cells were infected at an MOI of 5. After 2 h, the cells were washed and incubated in methionine-free medium for 30 min. Cells were labeled with [ 35 S]methionine (50 Ci/ml; specific activity, 10.2 mCi/ml) overnight, with unlabeled methionine added to 10% of normal medium level. Supernatant fluid was collected, cell debris was removed by centrifugation, and virus was collected by centrifugation through 10% sucrose. After normalizing the counts per minute, the viral pellet was resuspended in gel loading buffer and virion proteins were separated on a 10% polyacrylamide gel. Virion proteins were quantitated using a phosphorimager, and the molar ratios were determined.
Single-cycle virus replication. BHK-21 cells were infected at an MOI of 3. After 1 h of adsorption, the inoculum was removed and the monolayer was washed twice. Fresh medium was added, and the cells were incubated at 37°C. Supernatant fluids were harvested at indicated intervals over a 30-h period, and viral yields were determined by plaque assay on Vero-76 cells.
Lethality in mice. Male Swiss Webster mice, 3 to 4 weeks old, were purchased from Taconic Farms, Germantown, N.Y., and housed under BL2 containment conditions. Groups of six mice were lightly anesthetized with ketamine-xylazine and inoculated intranasally with 10-l aliquots of serial 10-fold viral dilutions of the individual viruses in Dulbecco's modified Eagle medium. Control animals were given a similar volume of DMEM. Animals were observed, and each group was weighed daily. The 50% lethal dose (LD 50 ) for each virus was calculated by the method of Reed and Muench (33) .
Determination of serum antibody levels and neutralization titers. After virus inoculation, blood was collected at weekly intervals from groups of two to four animals. Serum samples were pooled and heated to 57°C for 40 min to inactivate complement. Cell monolayers infected with wt VSV (N1G4) and uninfected BHK-21 cells were lysed in detergent buffer (1% NP-40, 0.4% sodium deoxycholate, 66 mM EDTA, 10 mM Tris-HCl [pH 7.4]) and used as antigen in a direct enzyme-linked immunosorbent assay (ELISA). Samples were serially diluted and detected using goat anti-mouse immunoglobulin conjugated to horseradish peroxidase. The optical density (OD) was read at 450 nm, and the antibody titers were calculated by linear regression analysis of a plot of OD versus serum dilution. The endpoint titers (log 10 ) were deduced at an OD 1.5 times that of the preimmune samples. Serum neutralizing antibody titers on day of challenge were determined by a standard plaque reduction assay on Vero-76 cells, and the titer was expressed as the reciprocal of the dilution giving 50% neutralization.
Protection of mice from wt challenge. Mice were immunized intranasally with doses of each virus ranging from 1 to 10,000 PFU in DMEM. Twenty-one days postinoculation, groups of mice that received nonlethal doses of each of the variant viruses were challenged intranasally with 5.4 ϫ 10 6 PFU of N1G4 (wt) virus. Challenged animals and controls were monitored for a further 21 days. At weekly intervals, blood was collected by tail bleeds for serum antibody titrations.
RESULTS

Generation and recovery of rearranged viruses.
In previous work we generated a full-length cDNA clone of the genome of VSV from which infectious virus was recovered (46) . We subsequently developed a way to rearrange the order of the genes at the cDNA level without introducing other changes into the genome by using remote cutting restriction enzymes to cleave within the conserved sequences at the 3Ј and 5Ј ends of each gene (4) . This strategy allowed us to recover viruses from rearranged cDNAs in which the N gene had been moved to successively promoter-distal positions in order to downregulate its expression (45) . In the present work, we used this approach to generate cDNA clones in which the G gene was moved from its normal position of fourth in the gene order to the first, most promoter-proximal position to determine if doing so would increase its expression. Two new gene rearrangements were generated: one in which the G gene was moved to first in the gene order and the remaining four genes were left undisturbed to generate the order 3Ј-G-N-P-M-L-5Ј (G1N2), and the second in which the positions of the G and N genes were exchanged to generate the order 3Ј-G-P-M-N-L-5Ј (G1N4) (Fig.  1) . These cDNAs were transfected into cells as described previously (45) , and virus was recovered in both cases. The recovered viruses were designated G1N2 and G1N4, respectively, according to the positions of the N and G genes in the rear-ranged gene order. The properties of these viruses were examined in comparison to a virus derived from a cDNA clone created using the same gene rearrangement process to regenerate the wt gene order (N1G4) and a virus with the gene order 3Ј-P-M-G-N-L-5Ј (G3N4) (45) .
Effect of gene rearrangement on viral protein expression. BHK-21 cells were infected with viruses with rearranged genomes, and the relative levels of viral protein synthesis were examined by labeling for 1 h with [ 35 S]methionine at 5 h postinfection. Total cellular proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by autoradiography. A typical gel is shown in Fig. 2A . Infection with wt VSV and the rearranged variants resulted in rapid inhibition of host protein synthesis which allowed the viral N, P, M, G, and L proteins to be detected directly. Synthesis of G protein was significantly increased relative to the other viral proteins in cells infected with G1N2 and G1N4 viruses ( Fig. 2A, lanes 2 and 4) compared to wt (N1G4)-infected cells (Fig. 2A, lane 1) .
Proteins were quantitated by phosphorimaging. The molar percentage of G protein synthesized during a 1-h labeling period was 2.3-fold higher in G1N2-infected cells and 1.7-fold higher in G1N4-infected cells than in cells infected with wt virus. Similarly, translocation of the N gene from its promoterproximal position to a more distal position in viruses G1N2, G3N4, and G1N4 decreased the rate of N protein synthesis (Fig. 2C) .
The protein contents of purified virus particles were also examined to determine if changes in protein synthesis in cells affected protein assembly into virions. BHK-21 cells were infected with each of the viruses and labeled with [ 35 S]methionine overnight, and virions were harvested from supernatant fluids and separated from cell debris by centrifugation through 10% sucrose. Analysis of the virion proteins by SDS-PAGE (Fig. 2B) showed no gross differences in the relative protein contents. Phosphorimager quantitation confirmed that despite the altered relative levels of protein synthesis in infected cells, the amounts of proteins in virions were similar to that of wild-type virus except for virus G1N2, in which the level of G was 1.6-fold higher than in the wt virus or other rearranged viruses (Fig. 2D ). This observation is being investigated further.
Virus replication in cell culture. Replication of the rearranged viruses under single-step growth conditions was examined in cultured BHK-21 cells infected at an MOI of 3 followed by incubation at 37°C. Supernatant fluids were harvested at various times, and the virus yields were measured by plaque assay. As described previously (45) , translocation of the N gene away from the promoter-proximal position resulted in stepwise reduction of replication as the gene was moved further from the first position. Movement of N to the second position (G1N2) decreased replication 3-fold, whereas moving N to the fourth position (G3N4) reduced replication as much as 1,000-fold (Fig. 3) . However, the two viruses with N in the fourth position (G3N4 and G1N4) replicated to different levels under single-step growth conditions. We attribute this to the fact that the molar ratio of N to P, which is critical for optimal replication, was less perturbed in G1N4 than G3N4. Measurement of the intracellular rates of protein synthesis 5 h after infection showed molar ratios of N to P of 1:1.6 in cells infected with G1N4 and 1:1.8 in G3N4-infected cells (Fig. 2C ). An N:P molar ratio of between 1:0.5 and 1:1 is optimal for replication (14, 29, 45) , as shown by the N:P ratios of 1:0.7 in wt-infected cells and 1:0.8 for cells infected with G1N2. Both the wt virus and G1N2 have N directly followed by P in the gene order (Fig.  1) . Too much or too little P relative to N decreases replication significantly (14, 26, 28, 29) ; thus, in cells infected with G3N4, not only is N limiting, but also the molar ratio of N:P is more than twice the optimal value. The kinetics of replication of G3N4 and G1N4 were delayed in comparison to wt and G1N2. Single-step growth of G3N4 and G1N4 was not complete until 24 h postinfection, compared to 12 h for N1G4 and G1N2. It is unlikely that the overabundance of G in the infected cell was responsible for this delay in replication since G1N2 showed no delay in replication relative to wild-type virus.
Lethality in mice. Young mice provide a sensitive animal model for the study of neuropathology caused by VSV and its mutants, (24, 38, 42) , and inoculation of mice with wt VSV via the intranasal route results in fatal encephalitis. We compared the pathogenesis of the rearranged variant viruses to that of wt (N1G4) virus after intranasal inoculation in 3 to 4 week-old Swiss-Webster mice. The doses that constituted LD 50 s were 100, 50, Ͼ100,000, and 19,000 PFU of N1G4, G1N2, G3N4, and G1N4, respectively.
All of the viruses were lethal for mice if given in sufficiently high doses, although the doses of G3N4 administered in these experiments did not reach the LD 50 seen previously (45) . In general, the position of the N gene, the N:P ratio, and the resulting level of virus replication were major determinants of lethality. Viruses in which the N gene was moved away from the promoter required greatly increased doses to constitute an LD 50 . These results confirmed our previous observations with viruses N1 to N4 in which the N gene was moved sequentially (45) . However, the results presented here show that for viruses with N in the fourth position (G3N4 and G1N4), both the replication ability and the LD 50 also were affected by the position of the G gene.
The LD 50 s reported here are expressed in terms of the viral titers on Vero-76 cells. These titers are about 10-fold higher than titers on BSC-40 cells, as reported in our previous publications (4, 45) . We changed cell lines because we discovered that rearranging the gene order of VSV could affect the interactions of the variant viruses with the interferon system (reference 23 and unpublished results). BSC-40 cells are competent to produce interferon after infection, while Vero cells are not (10) . Therefore, changing to Vero cells circumvented possible differences in interferon induction or sensitivity. Studies of the interactions of the rearranged viruses with the interferon system are in progress.
The first symptoms of sickness (a haunched posture and hind-limb paralysis) appeared 5 days after inoculation with both N1G4 and G1N2 viruses, although the first deaths occurred earlier in animals inoculated with N1G4 (Fig. 4) . The viruses with N in the fourth position induced symptoms more slowly; at a dose of 1,000 PFU per mouse, G3N4 caused neither morbidity nor mortality, as observed before (45) . In an attempt to detect subclinical signs of sickness, the groups of mice were weighed daily throughout the study period (Fig. 5) . However, whereas the mice that showed symptoms invariably lost weight and died, those that showed no symptoms showed no weight differences from uninoculated control animals (Fig.  5) . Similar results were observed after challenge of the inoculated mice with wt virus; all animals that developed symptoms subsequently died, and those that did not develop symptoms also showed no weight loss.
Serum antibody. To assess the effect of inoculation of viruses with rearranged G genes on the humoral immune response, mice were inoculated intranasally with serial 10-fold dilutions of each of the variant viruses. Blood was collected at weekly intervals by tail bleed, and the level of serum antibody was determined by ELISA. Since survival of the inoculation was a prerequisite for this experiment, only doses at or below the LD 50 were used. Translocation of the G gene changed the kinetics and magnitude of the antibody response (Fig. 6 ). Mice inoculated with wt virus made barely detectable levels of antibody within 21 days, whereas animals that received 100 PFU of G1N2 and G1N4, respectively, had significant antibody titers by 14 and 7 days postinoculation. This accelerated and enhanced response can be seen most clearly by comparing the mice that received 100 PFU (Fig. 6 ). The results demonstrate that translocation of the G gene from the fourth to the first position enhanced the humoral immune response to VSV. Mice given G1N4 synthesized antibody earlier and at higher levels than those given G3N4. This further confirmed the observation that putting the G gene first in the gene order increased the immunogenicity of VSV.
Twenty-one days postinoculation, the mice were challenged with 5.4 ϫ 10 6 PFU of wt VSV. A rapid increase in antibody titer was observed in animals given either N1G4 or G1N2, although there was no further rise in the already high titers that had been achieved prior to challenge in mice inoculated with G3N4 or G1N4.
Neutralizing antibody titer after inoculation. The level of neutralizing antibody in the serum at the time of challenge was measured. In mice and cattle, neutralizing antibodies are an important element in protection against VSV infection (12, 20, 22) . On the day of challenge, mice were bled and serum samples were assayed for the ability to neutralize wt VSV in a standard plaque reduction assay on Vero-76 cells. The reciprocal of the highest dilution that gave a 50% reduction of plaque numbers was calculated to determine the neutralizing titers of the sera.
All of the viruses with rearranged genomes elicited serum neutralizing antibody in mice (Fig. 7A) . Neutralizing antibody was not detected at a dose of 1 or 10 PFU/mouse of either N1G4 or G1N2, but both viruses elicited detectable titers at doses of 100 PFU, the response to G1N2 being 10-fold higher than that to wt virus. Thus, for N1G4 and G1N2, the level of neutralizing antibody did not correlate with virus replication in cell culture, where the wt virus replicated two-to threefold more abundantly than G1N2 (Fig. 3 ). This conclusion was reinforced by the response to G3N4 and G1N4, which elicited approximately 10-fold-higher titers than the wt virus despite greatly reduced replication potential.
In summary, viruses which overexpressed G and underexpressed N in infected cells yielded increased levels of neutralizing antibody compared to wt virus (N1G4) following intranasal inoculation. The combination of overexpressing G and underexpressing N combined this enhanced immunogenicity FIG. 5 . Average weights of mice inoculated with the rearranged viruses. Groups of six mice were inoculated intranasally with serial 10-fold dilutions of N1G4 (wt), G1N2, G3N4, or G1N4 ranging from 10,000 to 1 PFU/animal. Control mice received inoculation medium alone. The vertical dotted line indicates day of challenge with 5.4 ϫ 10 6 PFU of wt virus per mouse. For each group, all living animals were weighed together and the average weight was determined. }, 10,000 PFU; F, 1,000 PFU; OE, 100 PFU; s, 10 PFU; ‫,ء‬ 1 PFU; ϩ, medium.
FIG. 6. Kinetics of antibody production in response to inoculation with the rearranged and wt viruses. Groups of six mice were inoculated intranasally with serial 10-fold dilutions of N1G4 (wt), G1N2, G3N4, or G1N4 ranging from 10,000 to 1 PFU/animal. Control mice received inoculation medium only. The vertical dotted line indicates the day of challenge with 5.4 ϫ 10 6 PFU of wt virus per mouse. Serum was collected by tail bleeds from two to four animals at weekly intervals, the serum samples were pooled, and the level of antibody raised against VSV was determined by titration on detergent-lysed VSV-infected cell antigen in an ELISA. Antibody levels are expressed as log 10 titers. }, 10,000 PFU; F, 1,000 PFU; OE, 100 PFU; s, 10 PFU; ‫,ء‬ 1 PFU.
with virus attenuation, which allowed the administration of higher doses that elicited correspondingly higher titers of neutralizing antibodies. Moreover, because of the lower lethality of these viruses, 100 times more virus could be administered without detriment, and under these conditions they elicited up to 100-fold more neutralizing antibody than could be attained in response to wt virus.
Protection of mice from challenge. These results establish that nonpathogenic doses of the viruses that overexpressed G protein could elicit significant humoral immune responses in mice. To see whether immunization with the rearranged viruses could confer protection against VSV disease, animals that survived inoculation with each of the rearranged viruses were challenged after 21 days with 5.4 ϫ 10 6 PFU of wt virus. This dose was sufficient to kill 83% of the uninoculated, agematched, control group of animals.
All of the viruses with rearranged genomes conferred protection, the level of which varied with the dose of inoculum (Fig. 7B) . The levels of protection elicited by N1G4 and G1N2 were alike, reflecting the comparable levels of replication and lethality of these viruses described previously ( Fig. 3 ; see also "Lethality in mice," above). Similarly, the protection conferred by G1N4 resembled that of G3N4. By 21 days postinoculation, both viruses elicited solid immunity at doses of 1,000 PFU per mouse. Importantly, these fully protective doses were 20-to 100-fold less than the corresponding LD 50 s. This emphasizes the conclusion that gene rearrangement is an effective method to systematically change the phenotype of VSV to optimize the properties required of a live attenuated vaccine.
DISCUSSION
The recovery of infectious viruses from cDNA clones of the Mononegavirales permits experimental manipulation of the viral genome (8, 9) . Gene expression in these viruses is controlled at the transcriptional level by the order of the genes relative to the single promoter at the 3Ј end of the viral genome (15, 41) . We developed a method to rearrange the order of the genes without introducing other changes into the genome (4, 45) . Gene rearrangement altered the relative levels of synthesis of the viral proteins, as expected, and produced infectious viruses having a variety of different phenotypes. In previous work we showed that moving the N gene from its promoter-proximal position to more distal positions resulted in a stepwise decrease in N protein synthesis, viral RNA replication, infectious virus production, and lethality of the variant viruses for mice (45) . The present studies examined the consequences of moving the G protein gene, which encodes the major neutralizing epitopes of the virus, from its promoterdistal position to first in the gene order. As predicted by our previous work, expression of G protein in infected cells was significantly increased when its gene was moved from the fourth to the first position. However, the protein content of the purified virus particles was largely unaffected by changes in the viral gene order. Any differences that may exist were at the limits of the quantitation methods used in this study and will require the application of more precise techniques.
The overexpression of G protein by these viruses allowed us to explore whether they elicited an altered humoral immune response in animals. The data in Fig. 6 show that at an inoculum dose of 100 PFU, antibody was produced more quickly and at higher levels in animals infected with the viruses with G moved to a promoter-proximal position compared to the wt virus. Doses higher than 100 PFU could not be assayed with the N1G4 (wt) and G1N2 viruses because of their lethality. At the dose of 100 PFU, viruses G1N2, G3N4, and G1N4 all elicited higher antibody titers more rapidly than N1G4. The reduced lethality of the G1N4 and G3N4 viruses allowed higher doses to be administered, and in these cases antibody levels increased more rapidly than at lower doses.
The observation that all three viruses which had G moved closer to the promoter elicited an enhanced humoral immune response in mice has implications for our understanding of protective immunity in this system. Although we do not know the relative levels of replication of the variant inocula in the cells that are most relevant for induction of the immune response, it seems likely that they mirrored, at least qualitatively, the relative levels of replication seen in cell culture. If this is the case, G1N2, G3N4, and G1N4 expressed higher levels of G protein per inoculated mouse only during the first round of replication. After that, the more robust replication of the wt virus should have more than compensated for its weaker G protein synthesis. Yet at the same inoculated dose of 100 PFU per mouse, the variant viruses elicited an enhanced and accelerated humoral immune response compared to the wt-inoculated animals.
The results suggest that the kinetics and magnitude of the humoral immune response become established very early in infection. Either there is a short temporal window during which the scale of the immune response becomes established irrevocably or the immune response to VSV infection is somehow determined by the level of G protein synthesis per infected cell rather than by the aggregate immunogenic load. A similar conclusion is suggested by the efficacy of vaccines using recombinant canarypox vectors under conditions where they are unable to replicate (25) . Robust synthesis of antigen by a highly attenuated vector appears to be an effective vaccine strategy that warrants further exploration.
Studies outside the scope of this report are under way to investigate the types and subtypes of antibodies produced by the variant viruses and to investigate T-cell responses and localization of the viruses following infection. It is difficult to compare our present work with that of others on the pathogenesis of VSV in mice and the complexities of the immune response because of significant differences in the ages and strains of the experimental animals as well as in the routes of inoculation and challenge (12, 20, 36) . In the work presented here, we used the Swiss-Webster mouse model of VSV established by Sabin and Olitsky (38) and Wagner (42) , and all experiments were controlled relative to the action of the wt virus.
In agreement with previous findings, we observed that the position of the N gene and the level of N protein expression correlated with efficiency of replication because the N protein is required in stoichiometric amounts for genomic RNA replication. The wt virus N1G4 replicated to the highest titers, followed by G1N2 virus and finally G1N4 and G3N4, which replicated least well. G1N4, however, replicated significantly better than G3N4, although they both had the N gene in the fourth position. Both of these viruses showed delayed replication kinetics, as might be expected if the formation of progeny virus was limited by the supply of N protein.
It is known that the relative levels of N and P proteins, in addition to the absolute amount of N protein, are critical for efficient replication (14, 29) . One function of P protein is to maintain N in a soluble state such that it is able to support encapsidation of newly replicated RNA (14, 44) . Consistent with this, G1N2 virus, while having reduced N protein expression ( Fig. 2A and C) , had the N and P genes in the same relative order as the N1G4 (wt) (Fig. 1) . Accordingly, G1N2 expressed the N and P proteins at about the same relative rates as wt virus, 1:0.8 and 1:0.7, respectively. In agreement with this, G1N2 replicated only slightly less than N1G4. Further to this point, although G1N4 and G3N4 both had N in the fourth position, G1N4 replicated substantially better than G3N4 (Fig.  3) . The ratio between the rates of synthesis of N and P proteins was disparate from the wt value in both of these viruses. However, G3N4, which had P in the first position, had an N:P ratio in infected cells of 1:1.8, whereas the N:P ratio in cells infected with G1N4, where P was in the second position, was 1:1.6, closer to that of wt virus. There was also a difference between these two viruses in the rates of G protein expression, and it is possible that increased levels of G protein provided an advantage for replication of G1N4.
The reduced lethality of the viruses with gene rearrangements was also consistent with our previous work showing that attenuation of lethality in mice correlated with reduced replication capacity. Reduced replication, in turn, was related to the overall expression levels of N protein and the N:P ratio as discussed above. Obviously any gene rearrangement which brings the G gene to the first position will displace the N gene from its wt position and therefore decrease N protein expression. It will also alter the molar ratios of proteins whose gene positions relative to one another are changed by the rearrangement in question. Both types of change would be expected to alter replication efficiency and lethality. As noted in Results, the viruses which replicated best, wt and G1N2, required only 50 to 100 PFU to constitute an LD 50 , whereas 200 and 1,000 times more G1N4 and G3N4, respectively, were required for an LD 50 . The data presented here show that rearrangement of genes allowed the manipulation of two important aspects of the viral phenotype, lethality and the stimulation of neutralizing antibody. By reducing N protein expression and altering the N:P ratio, it was possible to decrease replication potential and lethality for animals; by increasing G protein expression, it was possible to alter the kinetics and level of antibody synthesis.
These results expand on our earlier demonstration that gene rearrangement can be used to generate viruses with novel, beneficial phenotypes. This approach provides the ability to alter the phenotype in a stepwise manner to achieve a desired level of attenuation or to alter the expression of a particular gene. It allows the level of attenuation and immunogenicity to be modulated independently and systematically, exactly what is needed to generate and manipulate live attenuated vaccine candidates. This approach should be applicable to other members of the Mononegavirales, all of which have a common mechanism for the control of gene expression via obligatorily sequential transcription originating from a single 3Ј promoter. Furthermore, viruses of the Mononegavirales have not been found to undergo homologous recombination; therefore, changes made to the gene order should be irreversible by natural processes (30, 32) . Several foreign genes have been expressed from VSV (16, 18, 34, 39) , and in one study mice were protected against the corresponding pathogen (34). These properties make this virus an excellent candidate in which to generate future vaccines directed against VSV itself or against other pathogens. Studies designed to evaluate the pathogenesis and immunogenicity of the G1N2, G3N4, and G1N4 viruses in a natural host are under way.
